Abstract. To evaluate the performance of enterobacterial repetitive intergenic sequence-based polymerase chain reaction (ERIC-PCR) typing versus the current standard for the typing of Shigella pulsed gel electrophoresis (PFGE), we typed 116 Shigella isolates from a village in an endemic setting over a 20-month period using both methods. PFGE identified 37 pulse types and had a discrimination index of 0.925 (95% confidence interval = 0.830-1.00), whereas ERIC-PCR identified 42 types and had a discrimination index of 0.961 (95% confidence interval = 0.886-1.00). PFGE and ERIC-PCR showed a 90.4% correlation in the designation of isolates as clonal or non-clonal in pairwise comparisons. Both systems were highly reproducible and provided highly similar and supplementary data compared with serotyping regarding the transmission dynamics of shigellosis in this community. ERIC-PCR is considerably more rapid and inexpensive than PFGE and may have a complementary role to PFGE for initial investigations of hypothesized outbreaks in resource-limited settings.
INTRODUCTION
Members of the genus Shigella are non-motile gram-negative bacilli that are classified into four species groups: Shigella dysenteriae (group A; 12 serotypes), Shigella flexneri (group B; 10 serotypes), S. boydii (group C; 18 serotypes), and S. sonnei (group D; 1 serotype). Shigella is currently a serious burden on the health of children in impoverished regions and a significant cause of severe diarrhea in travelers 1, 2 and military personnel. 3, 4 The organism has a very low infectious dose, a welldocumented ability to cause sustained outbreaks from a wide variety of sources, and high rates of infection among close contacts. Outbreaks, either intentional (like a contamination event in the United States) 5 or non-intentional (such as the outbreak in Rwanda in 1994), 6 cause severe disease and are difficult to control. Rapid and accurate typing of patient isolates is necessary to understand transmission dynamics and control the spread of disease.
A wide variety of typing systems have been used to examine and compare isolates of Shigella species for outbreak investigation and taxonomic characterization. Previously used methods include biotyping; phage typing; plasmid analysis with or without endonuclease restriction; antibiotic sensitivity profiles; serotyping, ribotyping; restriction fragment length polymorphisms (RFLPs) of genomic target sequences of IpaH, 7 mglB, and gnd 8 ; DNA hybridization strategies for plasmid and chromosomal elements 9 ; multiplex polymerase chain reaction (PCR) of the O antigen gene cluster 10 ; pulsed-field gel electrophoresis (PFGE) 9 ; PCR amplification of enterobacterial repetitive intergenic sequences (ERIC-PCR) 11 or repetitive extragenic palindromic elements (REP-PCR) 12 ; and randomly amplified polymorphic DNA (RAPD-PCR). 13 Additionally, colicin typing has been used for S. sonnei. In general, genomicor chromosomal-based strategies are preferred over plasmid typing strategies, because plasmids may be lost. We chose to compare ERIC-PCR with the standard typing strategy for gram-negative enterics because of favorable assessment of discriminatory ability compared with PFGE in a small previous study typing 20 S. sonnei isolates.
11 ERIC-PCR is easier to perform, faster, and requires significantly less specialized equipment and reagents compared with PFGE. We compared the two tests on a diverse set of isolates representing all four major serogroups from an area where shigellosis is highly endemic. The success of ERIC-PCR as a simplified typing strategy for a wide and progressively expanding number of organisms makes this strategy a tenable one for hospital-based epidemiology or regional epidemiology, where a highly reproducible typing strategy that requires minimal disease-specific reagents is a desirable feature.
MATERIALS AND METHODS
Bacterial isolates. Shigella isolates for typing were obtained from children with diarrhea and their household contacts in a single rural village with a population of 3,543 individuals in the Peruvian Amazon, where shigellosis in highly endemic (this village is under active surveillance for diarrheal disease).
14 All isolates underwent standard biochemical testing and were typed into serogroups. Shigella B (flexneri) isolates were then serotyped. All serological typing was performed using Denka-Seiken antisera (Tokyo, Japan). The 116 isolates selected for testing were a convenience sample from a reference library of 218 strains collected in a 20-month period. Shigella isolates were characterized as being derived from uncomplicated diarrhea (non-dysenteric) if the individual had three or greater unformed or liquid stools in a 24-hour period, dysenteric diarrhea if the patient met the case definition for diarrhea and the laboratory technician noted the presence of gross blood in an unformed stool of a participant meeting the case definition of diarrhea, and asymptomatic if derived from a participant who did not meet the case definition for diarrhea at the time that the sample was given. All patients who participated in the study did so with informed consent, and the research protocol was reviewed and approved by human research review committees at the Johns Hopkins Bloomberg School of Public Health, Asociació n Bené fica PRISMA, and the US Navy Medical Research Unit in Lima, Peru in compliance with all applicable federal regulations governing the protection of human subjects.
ERIC-PCR. Single colonies were streaked out on tryptic soy agar (TSA) and grown out overnight; 5-10 colonies were transferred, 11 with denaturation at 95 C for 5 minutes; 4 cycles of low stringency amplification at 94 C for 1 minute, 26 C for 1 minute, and 72 C for 2 minutes; 40 cycles of higher stringency at 94 C for 30 seconds, 40 C for 30 seconds, and 72 C for 1 minute; and then a single final stage at 72 C for 10 minutes. All gels were run with a negative control with no DNA and water to achieve the standard reaction volume. Products were resolved by agarose gel electrophoresis in 2% agarose in Tris·acetate-(ethylenedinitrilo)tetraacetic acid (EDTA) buffer with ethidium bromide at 50 V for 5 hours and visualized by ultraviolet (UV) transillumination. Gels were photographed and digitized with a Gel Doc 2000 system. Images were imported into Phoretix Gel analysis software v 5.2 (Nonlinear Dynamics, Newcastle, United Kingdom), and retardation factor corrections using two markers per gel were used to improve intragel and intergel measures of band size. Lane images were then imported into the Phoretix database, and an unweighted pair group average (UPMGA) diagram was constructed using Dice coefficients ( Figure 1A ). Cluster groups with 85% similarity were identified as identical pattern types.
PFGE. The standardized laboratory profile for the molecular subtyping of S. sonnei of FoodNet was strictly followed. Briefly, a single colony was streaked on TSA and grown overnight. Bacteria were suspended in TE buffer (100 mM Tris, 1 mM EDTA, pH 8.0), and concentration was measured and standardized between 0.9 and 1.3 using a spectrophotometer at 610 nm. Proteinase K (0.5 mg/mL; Invitrogen) was added to 0.4 mL bacterial suspension and cast in 1% SeaKem Gold and 1% sodium dodecyl sulfate (SDS) agarose in 10 mM Tris and 1 mM EDTA (pH 8); it was then allowed to solidify in a disposable plug mold (Biorad Laboratories). Lysis was done in 50 mM Tris and 50 mM EDTA (pH 8.0) with 1% sarcosyl with 0.1 mg/mL Proteinase K for 5 hours at 54 C in a shaking water bath at 200 rpm. Plugs were washed two times in sterile Ultrapure water with agitation for 15 minutes and then washed four times with TE buffer warmed to 50 C. Plugs were incubated in TE buffer for 15 minutes at room temperature. TE buffer was removed and replaced with fresh buffer and 50 U XbaI per sample and incubated in a 37 C water bath for 5 hours. Plugs were loaded into wells in a 1% SeaKem Gold Agarose in 0.5 + TBE (Tris-Borate-EDTA) buffer. Electrophoresis was done on a Bio-Rad CHEF-II apparatus for 22 hours with an electric field of 6 V/cm, and the pulse time was increased from 2.2 to 54.2 seconds. A λ-ladder (Biorad) was used as a molecular size marker, with two being run on the extremes of each gel to correct band measures for slight gel distortions. Gels were stained with ethidium bromide for 15 minutes in a covered container and then destained for 10 minutes. The image was digitalized using a Gel Doc 2000 Statistical analysis. The discriminating abilities of ERIC-PCR and PFGE were calculated by the use of Simpson's index of diversity, 15 and 95% confidence intervals (CIs) were calculated using the formula in the work by Grundmann and others. 16 The association of the presence or absence of diarrhea or dysentery with a specified serotype or molecular type as defined by PFGE or ERIC-PCR was evaluated by using an odds ratio with Mantel-Haenzel 95% CIs. In cases where a cell value was equal to zero, a χ 2 value was calculated using SPSS v 13 (Chicago, IL).
RESULTS
Antigenic typing of the isolates identified a highly diverse group of isolates with S. flexneri as the serogroup in 72.4% (84) of the isolates. Among the S. flexneri isolates, 26.7% (31) of the isolates were serotype 2a, 20.7% (24) were serotype 3a, 7.8% (9) were serotype 4a, 6.9% (8) were serotype 6, 5.2% (6) were serotype 1b, 2.6% (3) were serotype 4b, 1.7% (2) were serotype Y, and 0.9% (1) were serotype 2b. S. sonnei accounted for 13.8% of all isolates, and S. boydii and S. dysenteriae accounted for 11.2% (13) and 0.9% (1) of isolates, respectively. Two isolates (1.7%) did not agglutinate with the typing antisera and were classified as Shigella spp.
PFGE typing distinguished 37 different pattern types. The most prevalent pattern was present in 19% of all isolates, whereas 19 restriction types were present in only one isolate each ( Figure 2B ). The discrimination index of PFGE was 0.925 (95% CI = 0.830-1.00). ERIC-PCR typing distinguished 42 distinct pattern types (Figure 2A) . The most prevalent type described 11.2% of the isolates. Seventeen ERIC types were unique. The discrimination index of ERIC-PCR was 0.961 (95% CI = 0.886-1.00). When serogroup and serotype results were compared with molecular profiles (Table 1) , it was found that 89% (33) of 37 PFGE patterns were restricted to a single serogroup. Four PFGE profiles had one pattern that belonged to a second serogroup described by the same genomic pattern; 51% (16/31) of the most common S. flexneri serotype, serotype 2a, were described by a single PFGE pulse type (pulse type 2), although S. flexneri 2a isolates were spread among six different Because the primary intent of either genotyping strategy is to determine if an isolate is clonal or non-clonal compared with a reference, pairwise comparisons of dice coefficients between the 116 isolates (6,670 permutations) were made at dice coefficients of 80% and 85% in turn to determine the concordance in determining clonality between the two tests. The observed agreement between the two tests was 90.4% at the 85% level, which fell to 85.1% at the 80% level. The assignment of clonal versus non-clonal between the two typing strategies was highly correlated (Pearson χ2 P 0.000). Contingency tables comparing the assignment of paired comparisons of ERIC with PFGE are shown in Table 2 . If one assumes that PFGE is the standard for typing Shigella isolates, then the sensitivity (in detecting a clonal relationship) is 35.1% (95% CI = 30.8-39.8), the specificity of ERIC-PCR is 94.2% (95% CI = 93.6-94.7), the positive predictive value of the identification of a pair as clonal is 29.2% (95% CI = 25.5-33.3), and the negative predictive value is 95.5% (95% CI = 95.0-96.0). Isolates were highly diverse, which was shown by both molecular typing strategies; between 80% and 88% of the pairwise comparisons were described as non-clonal by both ERIC and PFGE, and the dice coefficient relating the most distant clusters was only 50%.
To compare the ability of ERIC-PCR and PFGE to describe the dynamics of transmission of Shigella beyond serotyping alone, scatterplots were generated of molecular types over time and subgrouped by S. flexneri serotype (Figure 3) . Interpretation of the ERIC-PCR types and pulse types led to similar conclusions over time, both of which enriched knowledge of disease transmission relative to the use of serotype alone. Of the 116 isolates, 68% (79) were from children with diarrhea, and 32% (37) were asymptomatic. Of the individuals with Shigella and diarrhea, 28% (22) had dysenteric diarrhea (defined as visible blood in an unformed stool in a patient reporting over three unformed evacuation in the last 24 hours), and the remaining 72% (57) had non-dysenteric diarrhea. No single ERIC-PCR or PFGE type was significantly associated with the development of diarrhea or dysentery in part because of the large number of types and limited sample size. Compared with other types of shigellosis, it was found that individuals infected with S. flexneri 3a had over six times the risk of developing diarrhea (odds ratio = 6.75, 95% CI = 1.4-44.3) as patients infected with other serotypes of Shigella. Infection with S. flexneri 1b, however, was rarely associated with diarrhea compared with other serotypes of Shigella (odds ratio = 0.08, 95% CI = 0 -0.77).
DISCUSSION
This comparative study of molecular typing methods for Shigella revealed that ERIC-PCR is a plausible alternative strategy to PFGE. The simplicity, ease of operation, low per isolate cost, and limited need for specialized laboratory equipment favor its use over PFGE. Our evaluation of an expanded number and diversity of Shigella isolates has confirmed the use of ERIC-PCR that the work by Liu and others 11 described in the typing of 20 S. sonnei isolates.
It should be noted that our findings are in contrast to the findings in the work by Surdeanu and others, 17 which also compared PFGE with ERIC-PCR and found significantly worse test performance of ERIC-PCR compared with PFGE. In their study of 97 S. flexneri strains, they described 31 pulse types but only seven ERIC-PCR patterns. Several differences in specimen processing and analysis may explain the differences in our results. The first difference is the use of a different ERIC primer. In early work, we found that ERIC 1 alone, as used in the work by Liu and others 11 , yielded more complex band patterns than ERIC 2 (as used in the work by Surdeanu and others 17 ) or a combination of ERIC 1 and ERIC 2 (data not shown). Additionally, although pulse types for PFGE were analyzed by dice coefficients in the work by Surdeanu and others, 17 ERIC patterns were visually compared, and the decision to call isolates identical or nonidentical was on the basis of similar numbers and positions of major bands. The number of patterns analyzed significantly exceeds recommendations for visual band analysis. 18 Bands classified as faint were ignored in their comparative analysis. Obviating visible bands during a comparative analysis may lead to oversimplification of band patterns, especially in typing techniques where the number of bands per pattern is relatively low (ERIC-PCR and RAPD-PCR). Additionally, we found that both repeatability and complexity of patterns were enhanced by DNA quantification before the assay, a step that is commonly part of PFGE and RAPD protocols but not described in ERIC protocols.
ERIC sequences are short (127 bp), imperfect palindromic sequences present in Enterobacteracaea as well as Vibrio cholerae. Recent genomic work on ERIC sequences in Escherichia coli and Shigella revealed that S. flexneri 2a 301 has 15 full-length and 11 partial-length ERIC sequences, S. dysenteriae Sd197 has 12 full-length and 8 partial-length copies, S. sonnei Ss046 has 18 full-length copies and 11 partial copies, and S. boydii Sb227 has 19 full-length copies and 10 partial-length copies. 19 All copies were chromosomal. The spacing of sequences and the improbable hybridization in some partial sequences suggest that band products visualized from typing are not caused by exclusive hybridization to ERIC sequences, and the primers, therefore, function, at least to some extent, as low-stringency arbitrary primers. The ERIC-PCR method is highly similar to, if not always, a RAPD assay. The longer length of the ERIC-PCR (22 bp) compared with 10-12 bp in standard RAPD primers seems to increase the efficiency of primers and the robustness of the assay compared with RAPDs. 20 Although a national and perhaps international standardized typing protocol and database, such as the database used by PulseNet, has an unquestionable value in determining the movement of strains over wide geographic areas, other typing methods, such as ERIC-PCR, also may have important complementary roles. ERIC-PCR yields final analyzable images 8 hours after the extraction of DNA. The PulseNet 12-hour protocol does not yield final results for 36 hours, because the gel runs for 22 hours after the initial 12 hours needed for lysis, washes, and enzyme digestion. The cost of ERIC-PCR is $8 per isolate, which compares well with the cost of PFGE that is commercially offered at $75. 21 Standard gels and electrophoresis units used for PCR-ERIC allow for more specimens to be concurrently evaluated. The technique requires no specialized equipment or reagents in a laboratory with PCR capabilities. Because the number of organisms that are successfully typed with ERIC-PCR continues to grow to include diarrheogenic 22 and uropathogenic E. coli, 23 Pseudomonas aeruginosa, 24 Aeromonas hydrophila, 25 Vibrio parahemolyticus, 26 Stenotrophomonas, 24 Klebsiella pneumoniae, 27 Yersinia enterocolitica, 28 Bartonella henselea, 29 and Helicobacter pylori, 20 the advantage of adopting this technique at the hospital and regional level also increases. Experience with this simplified technique allows for the preliminary investigation of many important nosocomial or regional outbreaks without the need for a disease-specific approach after primary culture. This molecular typing may be done in parallel or independently from serotyping of the isolates under investigation to yield important information on the clonality of isolates. ERIC reagents are affordable, standard, and have the relative advantage over antisera of long-term stability and affordability. The relative advantage for this test in limited resource settings where shigellosis is endemic is significantly greater than in the United States and Europe, where PFGE analysis is not likely to be facilitated by government-funded agencies. Although grouping serum may be available at the level of national laboratories, complete typing kits from Denka-Seiken include a kit of 43 antisera required for the full typing of isolates. At any one time, a few serotypes are likely to predominate, and in the case of S. sonnei, which contains only a single serotype, ERIC-PCR offers a rapid way to analyze temporally associated isolates to determine transmission patterns.
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